RUNX proteins are evolutionarily well-conserved transcription factors that are involved in essential aspects of the development of metazoan animals ranging from nematodes to humans. Genetic or epigenetic defects in any one of the three RUNX proteins in humans cause severe diseases. Although much is known about the functions and signaling pathways of the RUNX proteins through the use of mammalian systems, there are still gaps in our knowledge with regard to the functions of the RUNX proteins in normal development and disease states. Recently, the nematode Caenorhabditis elegans was revealed to bear one RUNX homolog (RNT-1) and one homolog of the RUNX protein partner CBFb/PEBP2b (BRO-1). The expression patterns and biological functions of RNT-1 and the manner in which it is regulated are all comparable to what has been observed for the mammalian RUNX proteins. Thus, the nematode system is a promising model system for elucidating the functions and regulation of Runt proteins. In addition, it has recently emerged that the RNT-1 protein is involved in a transforming growth factor beta signaling pathway. The bro-1 gene encoding the CBFb homolog is exclusively expressed in the hypodermis, not in the intestine, which indicates that additional tissue-specific cofactors in the intestine might exist. The possible autoregulation of RNT-1 expression by RNT-1/BRO-1 in the hypodermal cells is also discussed.
Introduction
RUNX proteins are transcription factors that are well conserved throughout evolution, being found in species ranging from nematodes to humans. The first member of this protein family, Runt, was identified more than 15 years ago when a mutation introduced in the fly conferred embryonic pattern defects (Gergen and Wieschaus, 1985; Kania et al., 1990) . Runt homologs were subsequently identified in many different species, including mice, humans, zebrafish, sea urchins, and the nematode Caenorhabditis elegans (Bae et al., 1993; Kagoshima et al., 1993; Miyoshi et al., 1993; Ogawa et al., 1993a, b; Wang et al., 1993; Levanon et al., 1994; Bae et al., 1995; Bae and Lee, 2000; Kataoka et al., 2000) . The three mammalian homologs have been the subject of intensive research in many different biological fields ranging from medical genetics to developmental biology to immunology (for example, Miyoshi et al., 1993; Wang et al., 1993; Okuda et al., 1996; Li et al., 2002 Li et al., , 2004 . Significantly, all three RUNX proteins are involved in essential aspects of mammalian developmental, and defects in any one of these proteins result in severe phenotypes that lead to serious diseases.
CBFb/PEBP2b is a cofactor that forms heterodimers with RUNX proteins, which stabilizes and enhances their activity. While there is only a single gene in mammals that encodes CBFb, Drosophila has two. It was previously reported that the nematode does not bear a CBFb-like gene (Bae and Lee, 2000) . This led to the hypothesis that the function of the nematode RUNX protein may be evolutionarily divergent. However, after the completion of the C. elegans genome project, a CBFb-like gene was identified, which means that the nematode RUNX is an authentic member of this heterodimeric transcription factor family.
Studying the functions of the RUNX proteins and identifying the pathways that involve these proteins are very important for developing a cure for the diseases associated with defective RUNX proteins. At present, much is known about the signaling pathways that involve the mammalian RUNX proteins and how these proteins function in normal development and in disease states. Knockout mice were particularly useful in obtaining this information. However, there are still big gaps that have to be filled in before we can announce that all is known about how RUNX proteins function. While using mammalian systems in elucidating RUNX functions has many advantages, they also suffer from some limitations. As the pathways that involve each of the three mammalian proteins share some components, trying to isolate the functions of a particular RUNX protein by blocking its activation or inhibiting the pathway in which it is involved is sometimes difficult. The physiological compensatory feedback activities in higher organisms are also an obstacle to the precise analysis of the functions performed by each RUNX protein. These difficulties reveal the value of employing a simple model organism to study the RUNX proteins. Recently, we reported the existence of a single gene encoding a RUNX homolog in the nematode (Bae and Lee, 2000) . We also showed that this gene has an evolutionarily conserved function (Nam et al., 2002) . While the study of the nematode RUNX gene is still in its infancy, it is worthwhile to summarize the current understanding of the nematode RUNX gene and its functions and to discuss future research directions. In this review, we will discuss the functions and evolutionary conservation of the C. elegans RUNX protein and its interacting partner CBF beta. We will also discuss how the use of this simple model organism could expand our knowledge of the RUNX proteins in general.
Nematode as a model system for oncogene studies
The nematode C. elegans is a free-living soil nematode. Since the first paper on its genetics was published in 1974 (Brenner, 1974) , the nematode has become a classic model organism for the study of gene functions by genetic analyses. Although C. elegans is a simple organism, it shares many of the essential biological characteristics of humans since it has a conserved mode of development and neuronal functions, and its cells have similar behaviors and undergo death and aging. C. elegans is only 1 mm long and is usually grown on small plates seeded with bacteria. All 959 somatic cells of its transparent body are visible with a microscope and its average lifespan is only 2-3 weeks. This simple anatomy and quick development, along with its small number of chromosomes (five autosomes and a sex chromosome), makes this system an ideal system for genetic analyses. In addition, its genome has recently been completely sequenced (Caenorhabditis elegans Genome Consortium, 1998) and most of the information obtained from the various different labs working on C. elegans including all the genome data and other genetic and molecular data are publicly available through the Internet. This improves the potential for collaboration in researching this organism throughout the world.
C. elegans has proved to be a good model system for the study of the functions of evolutionarily conserved genes. In fact, about 40% of the nematode genome is predicted to have mammalian counterparts. It is conceivable that the essential biological functions of these nematode genes are conserved and reflect the functions of their counterparts in higher species. On the basis of this supposition, C. elegans has been used to confirm the biological functions of known conserved genes or to lead to the discovery of new genes in existing pathways. A good example of this is the analysis of the vulval development pathway. When lin-3, a gene required for the formation of the wild-type vulva, was cloned, it was surprising that this gene encoded a protein that was related to epidermal growth factor (EGF) (Hill and Sternberg, 1992) . let-23, let-60, and lin-45, which are genes that act genetically downstream of lin-3, were discovered to encode an EGF receptor (EGFR) homolog, a ras homolog, and a raf homologue, respectively Han et al., 1990 Han et al., , 1993 . All of these genes fit well with the paradigm of the EGF signaling pathway, which confirmed that they constitute an evolutionarily conserved core biochemical pathway. This analysis also revealed that while the EGF signaling pathway is conserved in evolution, it is used in different contexts in different organisms. The discovery of the conserved EGF signaling pathway in the nematode meant that any new genes that were found to participate in this pathway might also act in the EGF pathways in other organisms. It is indeed the case: sli-1 was isolated as a negative regulator of the EGFR signaling pathway in the nematode, and it was discovered that sli-1 encoded a homolog of c-CBL, a putative oncogene whose function had not been revealed at that time Yoon et al., 1995) . As soon as the identity of sli-1 was published, the mammalian CBL proteins became intensively researched and soon much was known about these proteins in terms of their biochemical functions and their roles in the signaling pathway (for example, Bowtell and Langdon, 1995; Galisteo et al., 1995; Lupher et al., 1996; Hime et al., 1997; Meisner et al., 1997; Miyake et al., 1997; Smit and Borst, 1997; Lupher et al., 1998; Broome et al., 1999) . Another gene, ark-1, was also identified as a component of the EGFR signaling pathway in the nematode vulval development, and it was determined to be an ACK-related kinase (Hopper et al., 2000) . The discovery of this gene will surely lead to studies on the functions of ACK-related kinases and how they act in the EGFR pathways. This example reveals that the nematode can serve as a starting point that can lead to new discoveries that are important to our understanding of mammalian systems. The RUNX proteins are likely to be another example. We predict that while the studies on the RUNX protein in the nematode are still in their early stages, they will lead to significant contributions to the RUNX field of research.
Presence of a RUNX and a CBFb homolog in C. elegans
While the fly genome contains two well-characterized Runt proteins and two as yet uncharacterized Runt-like proteins (Coffman, 2003) , and mammals have three RUNX proteins, the nematode genome contains only a single gene encoding a RUNX homolog (Bae and Lee, 2000) . The name of the gene was originally run but it has recently been agreed to rename this gene rnt-1. The predicted amino-acid sequence of RNT-1 shows that the rnt-1 gene is composed of 11 exons. Interestingly, there are three exons in front of the exon that contains the translational start site and the intron between the third and the fourth exon is extraordinarily large (about 7.2 kb) compared to the average intron sizes of the nematode genes (about 0.05 kb). The space between the RNT-1-coding gene and the gene located upstream of rnt-1 is fairly small, which suggests that either the promoter region of the rnt-1 gene is very small or that the big intron might be important in its transcription. Subsequent analysis supported the latter possibility (Nam et al., 2002) .
The discovery of the RUNX homolog in the nematode (Bae and Lee, 2000) made it peculiar that there was no CBFb-like gene in this species, as was assumed at that time. It was speculated that if a CBFb-encoding gene did exist in the nematode, its sequence homology to known CBFb genes would be very low. Recently, after the virtual completion of the nematode genome project, we searched for the existence of a potential homolog of CBFb and found an ORF named F56A3.5 (J Shim and J Lee, submitted). We named this gene bro-1. The genome annotation has been updated very recently and now shows this information. The nematode BRO-1 protein is 18 and 14% identical (34 and 28% similar) to the fly Brother and Big brother proteins, respectively. In addition, BRO-1 is 18% identical (34% similar) to the mammalian CBFb homologs. Although the overall similarity of the nematode protein to other CBFb proteins is low, most of the amino-acid residues known to be important for the heterodimerization with the CBFa subunits are conserved (Figure 1 ). This raises the possibility that the function of this nematode protein in RUNX regulation may also be conserved. Phylogenic tree analysis showed that BRO-1 is closer to the mammalian homologs than to the fly proteins. This reveals that the nematode is not exceptional from higher organisms in terms of the existence of both subunits of the RUNX transcription factor complex.
Comparison of the expression patterns of rnt-1 and bro-1 to those of their mammalian counterparts Knowing the expression pattern of a gene of interest is a clue to identifying its biological function. For example, while the three mammalian RUNX genes have very similar gene structures, their expression patterns are distinct and reflect their disparate biological functions. The nematode RNT-1 gene was shown to be expressed exclusively in the hypodermis and the intestine of hermaphrodite animals as shown by GFP reporter assays (Nam et al., 2002) . Since it is believed that the hypodermis and the digestive system may be the most primitive organs in the metazoan anatomy, the expression pattern of RNT-1 suggests that it may be close to being the prototype of the RUNX proteins (Nam et al., 2002) . Consistent with this is that a mammalian homolog of rnt-1, RUNX3, is mainly expressed in the epithelial cells of the gastrointestinal tract as well as in other tissues, and knockout mice lacking RUNX3 expression show severe malfunctioning of the gastrointestinal tract . Male nematodes also express the RNT-1 protein in additional tissues, namely, male-specific hypodermal cells (Y Ji, S Nam, J Lee, J Ahnn, and S-C Bae, submitted), which suggests that the RNT protein in the nematode is also involved in malespecific hypodermal development, such as the formation of sensory rays.
While the CBFb protein is ubiquitously expressed in mammalian cells, the nematode bro-1 gene is expressed in a tissue-specific manner, namely, it is expressed in the hypodermis (J Shim and J Lee, submitted). Mammalian CBFb has been reported to be mainly localized in the cytoplasm and to be translocated into the nucleus by the Figure 1 Amino-acid alignment of CBFb homologs. The C. elegans BRO-1, Drosophila Brother and Big brother, zebrafish CBFb, murine CBFb, and human CBFb proteins are shown. Bold, dark-shaded amino acids are identical, and while light-shaded residues are similar. The Accession numbers of the proteins are: C. elegans BRO-1, AAK73881; Brother, NP_477066; Big brother, Q24040; zebrafish CBFb, NP_954679; murine CBFb, Q08024, and human CBFb, Q13951
Homologs of RUNX and CBFb/PEBP2b in C. elegans J Lee et al RUNX proteins. Similarly, the nematode bro-1 is mostly localized in the cytoplasm but is also present in the nucleus. The bro-1 expression pattern seems to be more restricted than that of RNT-1 because bro-1 is expressed only in the hypodermal seam cells. However, unlike RNT-1, its expression is not stage specific, rather, it is expressed throughout development. These expression patterns of the RUNX and CBFb proteins in the nematode are only partially consistent with those of their mammalian counterparts. This raises the possibility that the functions of these nematode proteins, and possibly those of the as yet unidentified genes that are involved with this Runt domain transcription factor, may represent prototypical functions that have diverged during evolution in a species-specific manner.
Tissue-specific expression and regulation of rnt-1
While the mammalian RUNX proteins are expressed in distinct tissues, the nematode RNT-1 is expressed exclusively in the hypodermis and the intestine (Nam et al., 2002 ). An interesting feature of the RNT-1 expression pattern is that it is expressed in a stagespecific manner. The hypodermal seam cells begin to express RNT-1 as early as the bean stage. This hypodermal expression persists only until the L3 larval stage. Compared to the hypodermal expression pattern, intestinal expression appears much later. The cis-acting elements for this stage-and tissue-specific expression pattern are localized in an intron, not in the promoter region. However, the precise regulatory sequences in the intron remain to be determined. It would be interesting to identify the factors that bind these stageand tissue-specific regulatory elements, as this will help us to elucidate the molecular mechanisms that regulate rnt-1. The mammalian RUNX2 gene is known to control its own gene expression and function by negative feedback on its own promoter and 5 0 -UTR (Drissi et al., 2000) . The higher expression of RUNX2 downregulates the transcription from its promoter by directly binding to the binding sites present in its own promoter and 5 0 -UTR. The nematode rnt-1 gene may also autoregulate its expression. To identify the regulatory elements involved in this autoregulatory mechanism, it has been very useful to compare the sequences of the genes in the two related nematode species C. elegans and C. briggsae (for example, Hwang and Lee, 2003) . When the 5 0 -UTRs of the C. elegans and the C. briggsae rnt-1 gene homologs were compared, small blocks of conserved sequences were identified, two of which were putative consensus RNT-1-binding sequences (Figure 2 ). It would be interesting to examine whether the RNT-1 protein indeed binds to these sequences, and to examine the role these sequences play in regulating RNT-1 protein levels. Preliminary analysis has revealed that RNT-1 specifically binds to the consensus RUNXbinding sequences in vitro (J Shim and J Lee, unpublished observations). This assay system will be useful for future experiments investigating this matter.
Functional analysis of rnt-1 by introducing genetic mutations and performing RNAi: relevance to the evolution of the human RUNX proteins A deletion mutation that completely deleted the coding sequence of the rnt-1 gene was haploinsufficient (Y Ji, S Nam, J Lee, J Ahnn, and S-C Bae, submitted), resulting in the loss of the strain. This haploinsufficiency makes it difficult to assess the significance of the rnt-1 gene in the nematode. An alternative way to address the functions of the RNT1 protein is to introduce reduction-offunction mutations. There is an rnt-1 deletion mutation available in which only the C-terminal region of the Runt domain has been deleted. The phenotypic abnormalities caused by this mutation are subtle but relate to the expression patterns of rnt-1: the hermaphrodites are small and the males show tail defects (Y Ji, S Nam, J Lee, J Ahnn, and S-C Bae, submitted). The small phenotype reflects defects in the hypodermis, while the male tail abnormality reflects defects in the malespecific hypodermal cells. Another way to assess rnt-1 gene functions is to employ RNAi experiments. RNAi is known to reduce the function of a gene rather than knocking it out completely (Montgomery et al., 1998) . RNAi induced more severe phenotypes than those caused by the partial deletion mutation, as about 26.6% of the RNAi-affected animals showed embryonic lethality or abnormal larval phenotypes (Nam et al., 2002) . The larval phenotypes included abnormal morphology of the hypodermal tissue and the distortion of the morphology of the intestine. Although the RNAi phenotype was not 100% penetrant, it was rnt-1 specific because the injection of the TE buffer diluent alone did 0 -UTR and the translational start site resides in the fourth exon. The third intron contains all the tissue-specific regulatory elements required for the hypodermal (green bars) and intestinal expression (red bar) of RNT-1. The sequences that are conserved in the third intron of the C. elegans and C. briggsae genes are marked with yellow boxes. Two consensus RUNX-binding sites found within these evolutionarily conserved sequences are presented as red characters not induce such phenotypes. No significant cell degeneration or malformation of other organs at either the embryonic stage or the larval stages was observed. The phenotypes caused by the nematode rnt-1 mutation or RNAi are to some degree comparable to those caused by defects in the mammalian RUNX3 gene, but do not resemble the effects caused by mutating RUNX1 or RUNX2. This, along with the fact that there is only one RUNX-related gene in the nematode that is exclusively expressed in two of the most primitive tissues (the hypodermis and the intestine), indicates that the mammalian RUNX3 may be the founder of the three RUNX genes in mammals.
Function of rnt-1 in C. elegans transforming growth factor beta (TGFb) signaling and its implications An intimate relationship between the RUNX proteins and TGF-b) superfamily signaling has been recently established. TGFb superfamily proteins transmit their signals through heterodimeric receptors (type I and II receptors) via phosphorylation events. The activated receptor-associated kinase then phosphorylates Smad proteins, which causes some of their components to move into the nucleus where they alter the transcriptional activities of their target genes. It is now known that the RUNX2 and RUNX3 genes are targets of TGFb signaling. In addition, RUNX proteins physically interact and function with Smads. However, much research remains to be performed before the gene networks involving the TGFb superfamily and the RUNX proteins can be completely understood. Since much is known about the TGFb-like signaling pathways in the nematode and since it only bears a single gene encoding a RUNX protein, this model would help to elucidate the relationship between the signaling pathway and the RUNX protein. In C. elegans, at least three TGFb-like signaling pathways have been identified, namely, the DBL-1 pathway, the DAF-7 pathway, and the UNC-129 pathway (Patterson and Padgett, 2000) . The DBL-1 pathway is involved in the regulation of body size and male tail development (Savage et al., 1996; Morita et al., 1999; Suzuki et al., 1999) . Consequently, this pathway is also called the Sma/Mab pathway. Many components of the DBL-1 pathway in C. elegans have been identified (Figure 3) . The TGFb-like ligand DBL-1 regulates body length in a dose-dependent manner by binding to its receptor complex (Morita et al., 1999; Suzuki et al., 1999) . The receptor complex is composed of the type I receptor kinase SMA-6 and the constitutively phosphorylated type II receptor kinase DAF-4 (Estevez et al., 1993) . Upon the binding of DBL-1, the receptor complex mediates the signal and the cytosolic transducer Smads SMA-2, SMA-3 and SMA-4 (Savage et al., 1996) . Mutations in all of the components of the DBL-1 pathway mentioned so far cause identical defects, namely, a small body size and male tail defects. Intriguingly, the rnt-1 (ok351) mutation, which is not a null allele, causes very similar phenotypes (Y Ji, S Nam, J Lee, J Ahnn, and S-C Bae, submitted). Furthermore, the rnt-1 expression pattern overlaps with those of the DBL-1 pathway genes, which suggests that RNT-1 may work with or within the DBL-1 pathway to regulate body length and male tail formation (Nam et al., 2002 ; Y Ji, S Nam, J Lee, J Ahnn, and S-C Bae, submitted). Moreover, we found that RNT-1 physically interacts with SMA-4, one of the cytosolic Smads in the C. elegans DBL-1 pathway (Y Ji, S Nam, J Lee, J Ahnn, and S-C Bae, submitted). Taken together, it is conceivable that RNT-1 acts on the DBL-1 pathway to regulate body length and male tail formation. Consistent with the notion that RNT-1 acts with or within the DBL-1 pathway, the rnt-1 (ok351) mutation genetically interacts with lon-1 (e185), a downstream gene of the DBL-1 pathway (Morita et al., 2002) . In addition, rnt-1 genetically interacts with the sma genes as mutations in any one of the sma-6, sma-2, sma-3, and sma-4 genes cause more severe phenotypes in the rnt-1 (ok351) mutant background than in the wildtype background. It is not clear at this point whether rnt-1 is a direct target of the DBL-1 pathway, or whether rnt-1 works in parallel with the sma genes to act on the same target genes such as lon-1. Thus, while the research into the relationship between RNT-1 and the TGFb pathways is still in its early stages, the simple genetic model system constituted by C. elegans promises to reveal new perspectives on the genetic and molecular basis of the relationship between RNT-1 and the TGFb pathways.
Perspectives
It is known that RUNX proteins can interact with cosuppressor factors such as the Groucho/TLE family proteins (Aronson et al., 1997; Imai et al., 1998 ; Figure 3 A model of the relationship between RNT-1 and TGFb signaling in C. elegans. In the DBL-1 pathway, the ligand DBL-1 binds to the receptor complex to transduce the signal to the cytosolic Smads, including SMA-2, SMA-3 and SMA-4. RNT-1 physically interacts with SMA-4. Either RNT-1 is downstream of this pathway or RNT-1 serves in a parallel pathway that converges with the other pathway within the nucleus through the interaction of RNT-1 with SMA-4 Levanon et al., 1998) and with coactivator proteins such as ETS, Myb, and C/EBP (Wotton et al., 1994; Zhang et al., 1996; Mao et al., 1999; McCarthy et al., 2000; Martensson et al., 2001) . In the nematode, no other RNT-1-interacting proteins have been identified apart from BRO-1 and SMA-4. High-throughput techniques such as RNAi screening, and two-hybrid screening, will surely identify not only those proteins whose mammalian homologs are known to interact with RUNX proteins but also new proteins that may point to novel avenues of research. Another question that remains to be addressed is whether there may be another partner of RNT-1 in intestinal cells since the CBFb gene (bro-1) is expressed only in the hypodermis. In flies, there are two CBFb homolog proteins whose expression patterns partially overlap with each other. Further research may reveal that another CBFb homolog with even lower homology to other CBFb proteins than that exhibited by BRO-1 may act together with RNT-1 in intestinal cells. Alternatively, an unrelated protein(s) may perform this function.
A long-standing question with regard to the function of the RUNX proteins is how the RUNX proteins can act as an oncogene in one context and as a tumor suppressor in another. This question can be answered by identifying the target genes that the RUNX proteins regulate at the transcriptional level. Many RUNX target genes have been identified in hematopoietic tissues and skeletal tissues (summarized in Otto et al., 2003) , but it is not clear at this point whether or how any of these target genes can be involved in tumorigenesis or tumor suppression. Furthermore, not many target genes in gastrointestinal cells have been described. Since the nematode contains only one RUNX-related gene, this organism may be the ideal system that allows the identification of nonredundant RUNX target genes. The molecular technique of DD-RT-PCR could be used to identify genes whose transcription levels are either upor downregulated in a rnt-1 mutant background. Our preliminary observations suggest that there are more upregulated genes than downregulated genes in the rnt-1 mutant background, which indicates that the RNT-1 protein may be more involved in repression than in activation of target genes (S Nam and J Lee, unpublished observations). Characterization of these target genes will provide information on the nature of RNT-1 activity in the nematode as well as address the question of how the RNT-1 can act both as a tumor suppressor and as an oncogene.
